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Abstract 

Wheat straw is an abundant agricultural residue with high potential for carbohydrate-based 

bioconversion, yet its efficient utilization is limited by lignocellulosic recalcitrance. This study 

systematically investigated Organosolv extraction of German wheat straw with the goal of achieving 

near-complete enzymatic hydrolysis at minimized process severity and energy demand. Process 

severity was evaluated using the P-Factor concept. In preliminary screening, acid catalysts and liquor 

ratios were assessed. Strong acids clearly outperformed weak acids: at comparable severity, 5% (w/w, 

DM) H2SO4 or p-toluenesulfonic acid (PTSA) yielded glucose yields of 83 ± 2.4% and 81 ± 6.2%, 

respectively, whereas weak acids (phosphoric, lactic, acetic) and a catalyst-free control resulted in 

only ~20–41% glucose yield. Liquor ratio strongly affected extraction performance; a ratio of 1:19 

provided the highest glucose yield (85 ± 1.4%) and robust mixing compared to 1:12–1:15 (67–68%). 

Two novel pretreatment strategies applied prior to Organosolv extraction, namely hot-water 

pretreatment (HWP) and water pretreatment (WP), significantly increased hydrolysability compared 

to untreated straw (58 ± 3%), reaching 79 ± 2% for HWP and 86 ± 5% for WP. DOE-based experiments 

(135–170 °C; P-Factor 3.0–4.0) showed that increasing temperature from 135 to 150 °C markedly 

improved hydrolysability (e.g., WP: 74 ± 3% to 96 ± 3%), while further increase to 170 °C provided no 

additional benefit. Response-surface modeling predicted a maximum hydrolysability of 

approximately 88% for HWP but complete hydrolysis for WP within 152–170 °C, indicating a broad 

operational window. Overall, combining simple pretreatment with severity-optimized Organosolv 

extraction enables energy-efficient, near-complete enzymatic hydrolysis of wheat straw. 

Keywords: wheat straw; Triticum aestivum; Organosolv; P-factor; enzymatic hydrolysis; DoE 

 

1. Introduction 

The progressive depletion of fossil resources and the increasing demand for sustainable energy 

and material supply have intensified interest in renewable lignocellulosic biomass as an alternative 

feedstock [1]. Biomass derived from woody materials, agricultural residues, energy crops, and 

industrial by-products represents an abundant resource for the production of biofuels and high-value 

bioproducts, supporting the transition toward a circular bioeconomy [1,2]. Among agricultural 

residues, wheat straw is one of the most abundant and cost-effective lignocellulosic resources 

worldwide [3,4]. It is generated in large quantities across more than 100 countries, with agricultural 

residues accounting for approximately 20% of the total biomass potential in the European Union [5]. 

In Germany alone, an estimated 30–35 million tonnes of wheat straw are produced annually [5,6]. Its 

typical composition, 34–40% cellulose, 30–35% hemicellulose, and 16–25% lignin makes wheat straw 

a promising feedstock for carbohydrate-based bioconversion [7–9]. 
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The high cellulose content is particularly a�ractive, as cellulose can be hydrolyzed into glucose, 

which serves as a key microbial substrate for the production of biofuels, organic acids, and other 

value-added biochemicals [10,11]. Importantly, unlike starch-rich crops, wheat straw represents a 

non-food lignocellulosic resource and therefore does not compete directly with food production [12]. 

Despite its favorable availability and composition, the efficient utilization of wheat straw is hindered 

by the recalcitrant nature of its lignocellulosic structure. Lignin forms a rigid and complex matrix that 

limits enzyme accessibility and promotes non-productive enzyme adsorption, resulting in low sugar 

yields during direct enzymatic hydrolysis [13,14]. Consequently, effective fractionation or extraction 

strategies are required to overcome biomass recalcitrance and enable efficient conversion [15]. 

Steam explosion and Organosolv are currently regarded as among the most mature and widely 

applied technologies for processing lignocellulosic residues such as wheat straw. SE is particularly 

a�ractive due to its relatively low chemical input and good scalability [16,17]. However, although 

Steam explosion effectively disrupts biomass structure and enhances enzymatic digestibility, it 

generally achieves only limited lignin removal, and the harsh thermal conditions may promote lignin 

condensation reactions that reduce enzyme accessibility and limit downstream lignin valorization 

[18]. In contrast, Organosolv allows for selective lignin solubilization in organic solvent systems (e.g., 

ethanol–water or acetone–water), thereby achieving higher delignification efficiencies and enhanced 

glucose yields in lignocellulosic feedstocks such as wheat straw [19,20]. By employing organic 

solvents, most commonly ethanol or acetone, in combination with elevated temperatures and, in 

some cases, acid catalysis, Organosolv extraction enables the selective solubilization of lignin. As a 

result, hemicellulose is partially removed, yielding a cellulose-enriched solid fraction with enhanced 

enzymatic digestibility [21]. For example, Huijgen et al. reported that an acetone–water Organosolv 

process achieved approximately 79% delignification of wheat straw while preserving more than 90% 

of the cellulose, leading to an increase in enzymatic glucose yield from 16% for untreated straw to 87% 

after extraction [19]. Similarly, Serna-Loaiza et al. demonstrated that sequential liquid hot water 

followed by Organosolv extraction enabled the recovery of over 50% of hemicellulosic sugars and 

nearly 90% of lignin, yielding a cellulose-rich pulp suitable for enzymatic hydrolysis or material 

applications [22]. 

Comparable improvements in enzymatic digestibility have been observed in other Organosolv-

based studies. Ruiz et al. reported that autohydrolysis combined with subsequent Organosolv 

extraction significantly increased the accessible surface area of wheat straw, resulting in cellulose-to-

glucose conversion efficiencies exceeding 90.88% after enzymatic hydrolysis [23]. In addition, 

modified Organosolv systems have been proposed to further enhance process performance. For 

instance, Zhang et al. introduced an ammonia–ethanol–water Organosolv approach, which achieved 

approximately 77% lignin removal while yielding over 80% total fermentable sugars, demonstrating 

the flexibility of Organosolv extraction in accommodating different solvent systems and catalytic 

environments [24]. Collectively, these studies highlight the effectiveness and versatility of 

Organosolv extraction in improving lignocellulosic fractionation and downstream enzymatic 

hydrolysis [25]. 

The efficiency of Organosolv extraction strongly depends on process severity, which results from 

the combined effects of temperature and residence time [26]. However, due to the structural 

complexity of lignocellulosic biomass, the relationship between delignification, temperature, and 

time is non-linear, making direct comparison of process conditions challenging. To address this issue, 

Calhoun et al. (1937) first proposed a kinetic description of delignification [27], which later evolved 

into the P-Factor–a severity index derived from the Arrhenius equation and the apparent activation 

energy of lignin dissolution [28,29]. The P-Factor integrates time and temperature into a single kinetic 

parameter that more accurately represents delignification kinetics than the conventional Severity 

Factor [19]. Using this approach, Huijgen et al. (2010) observed that increasing the P-Factor enhanced 

delignification and enzymatic digestibility of wheat straw until secondary lignin–carbohydrate 

condensation limited further improvement [19]. Likewise, Serna-Loaiza et al. (2022) reported that 
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moderate P-Factor values provide an optimal balance between cellulose preservation and lignin 

removal in sequential liquid-hot-water/Organosolv processes [22]. 

In this context, the present study focuses on the optimization of Organosolv extraction applied 

to German wheat straw, with the objective of maximizing enzymatic hydrolysis efficiency while 

minimizing energy input and process severity. A key aspect of this work is the introduction of a novel 

pretreatment step prior to Organosolv extraction, designed to improve extraction efficiency and 

reduce the severity required for effective delignification. By combining systematic experimental 

investigations with model-based analysis, including application of the P-Factor concept, this study 

aims to identify optimal Organosolv extraction conditions that enable complete or near-complete 

enzymatic hydrolysis of wheat straw. The results provide insights into the interplay between 

extraction severity, pretreatment strategy, and hydrolysis performance, contributing to the 

development of more efficient and sustainable lignocellulosic biorefinery concepts. 

2. Materials and Methods 

2.1. Experimental Workflow 

The overall experimental workflow in this study comprised six main steps (see Figure 1): straw 

comminution, pretreatment, Organosolv extraction, Sample wash, Hydrolysis, and HPLC analysis. 

During the hydrolysis step, samples were treated separately using both total hydrolysis and 

enzymatic hydrolysis methods. The following sections describe the experimental methods for each 

step in detail, along with auxiliary experiments and related measurements. 

 

Figure 1. Schematic overview of the experimental workflow. Created in BioRender.com. 

2.2. Raw Material and Comminution 

In this study, wheat straw (Triticum aestivum) was used as the raw material. The straw was 

collected from wheat fields in the Rhineland region of Germany during the summer months of June 

to August. After harvest, the straw was baled and compressed into straw bales, then transported to 

the laboratories. To preserve optimal storage conditions and minimize environmental impact, the 

straw was sealed in airtight plastic containers upon arrival at the laboratory. 

Comminution was carried out using a laboratory cu�ing mill (SM300, Retsch, Haan, Germany). 

The mill operated at 1,000 revolutions per minute (rpm) with a 6.0 mm sieve to retain the straw in the 

grinding chamber. After grinding, the samples were stored in sealed plastic containers to minimize 

environmental impact. 
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2.3. Pretreatment 

In this study, two pretreatment methods (see Figure 2) were developed and evaluated prior to 

Organosolv extraction to compare their effectiveness and identify the approach that best enhances 

overall process efficiency. The methods tested were Hot-Water Pretreatment (HWP) and Water 

Pretreatment (WP). 

 

Figure 2. Schematic overview of the pretreatment methods HWP and WP. Created in BioRender.com. 

In the HWP method, 1.5 kg DM (dry mass) of milled straw was placed in a 50 L pressure reactor 

(Model 8500, Parr Instrument Company, Moline, IL, USA). Deionized water was added at a liquor 

ratio (the ratio of solid mass to liquid mass) of 1:19. The reactor was heated to 75 °C with continuous 

stirring at 50 rpm and maintained at this temperature for 90 minutes. After treatment, the reactor was 

allowed to cool naturally to room temperature. The treated straw was then removed and 

mechanically dewatered for further processing. 

In the WP method, 1.5 kg DM of pre-milled straw was placed in the same 50 L reactor, with 

deionized water again added at a liquor ratio of 1:19. The mixture was left to stand at room 

temperature for eight days. During this period, the contents were stirred for one minute per day at 

50 rpm using a mechanical stirrer. After eight days, the straw was removed and mechanically 

dewatered for subsequent treatment. 

2.4. Organosolv Extraction 

Organosolv extraction was conducted in a 7.5 L high-pressure reactor (Model 4550, Parr 

Instrument Company, Moline, IL, USA). Initially, 100 g of dry sample was loaded into the reactor, 

followed by the addition of a 60% (w/w) ethanol–water solution at a liquor ratio of 1:19. A 5% (w/w) 

sulfuric acid, based on the dry weight of the sample, was added as a catalyst. The reactor was then 

heated to a target temperature ranging from 135 to 170 °C. The residence time (holding stage) at this 

temperature was determined by the P-Factor specific to each experiment. After the holding stage, the 

reactor was allowed to cool naturally to room temperature. The treated material was then removed 

and subjected to hydraulic dewatering prior to further processing. 

In this study, the P-Factor was introduced as a reference parameter to improve the comparability 

of Organosolv extraction results obtained at different temperatures [28,30]. This approach enabled a 

more systematic comparison of extraction severity and the corresponding enzymatic hydrolysis 

performance (see Equation 1). 

 � − Factor =  log��(� �
����� °�

��,�� ∙ ��
�

�

) (2)

2.5. Sample Wash 

Following Organosolv extraction, the samples underwent an additional washing step to remove 

residual lignin, ethanol, and catalyst from their surfaces. This step aimed to minimize inhibitory 
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effects on cellulolytic enzyme activity during subsequent enzymatic hydrolysis. The entire washing 

process was conducted at 60 °C to enhance lignin solubility. To ensure temperature stability and 

process uniformity, washing was performed in a double-jacket reactor (DWK Life Sciences, Wertheim, 

Germany) equipped with a mechanical stirrer (HS-100D, witeg Labortechnik GmbH, Wertheim, 

Germany) operating at 150 rpm. The washing procedure consisted of three sequential steps, as 

detailed in Table 1. After washing, the samples were pressed and dewatered to prepare for enzymatic 

hydrolysis. 

Table 1. Overview of the sequential washing steps following Organosolv extraction. 

Wash Steps Wash solution Liquor ratio* 

1 60% (w/w) ethanol–water solution 1:5 

2 Water 1:20 

3 Water 1:10 

*Liquor ratio is based on the dry mass of the sample. 

2.6. Hydrolysis 

Two hydrolysis methods were employed in this study to evaluate the samples. Total hydrolysis 

was used to determine the cellulose content, while enzymatic hydrolysis was performed to calculate 

the glucose yield of each sample. Total hydrolysis was performed according to the NREL method. 

Approximately 300 mg of dry sample was subjected to a two-step acid hydrolysis: an initial treatment 

with 72% H2SO4 for one hour, followed by hydrolysis with 4% H2SO4 for an additional hour. To 

ensure analytical accuracy, all experiments were conducted in at least triplicate, and cellulose content 

was calculated as the average of the results obtained [31]. 

For enzymatic hydrolysis, 1 g (dry mass) of sample was mixed with 25 mL of 0.1 M sodium 

acetate buffer (pH 5.0), yielding a solid concentration of 40 g/L. The mixture was then pasteurized in 

an incubator (KS 4000 i control, IKA-Werke GmbH & Co. KG, Germany) at 77 °C for 2 hours to 

eliminate unwanted microorganisms that might interfere with experimental outcomes. After 

pasteurization, the sample was cooled to approximately 55 °C, and a 12% (w/w, based on the sample 

dry mass) cellulase solution (C2610-10, US Biological, Salem, MA, USA) with an enzyme activity of 

6200–7580 U/g was added under sterile conditions. The sealed mixture was incubated at 55 °C for 48 

hours to facilitate enzymatic hydrolysis. To prevent sedimentation and maintain sample 

homogeneity during hydrolysis, continuous shaking was applied at 130 rpm with a 20 mm amplitude 

in the incubator. To enhance the accuracy of the experimental data, each sample was subjected to 

three independent replicates of enzymatic hydrolysis. The glucose yield during enzymatic hydrolysis 

was calculated based on the glucose concentration in the hydrolysate, as determined by HPLC, and 

the solid concentration of the sample (40 g/L) prior to hydrolysis (see Equation 2). 

������� ����� =  
�������� [� �⁄ ]

40 � �⁄
 (2)

Combining the results from both methods enabled the calculation of the actual amount of 

cellulose converted, referred to as hydrolysability (see Equation 3). This value was subsequently used 

to assess the effectiveness of the preceding Organosolv extraction. In the equation, the factor 0.9 

accounts for the stoichiometric conversion between cellulose and glucose, reflecting the mass ratio 

due to the addition of a water molecule during the hydrolysis of cellulose into glucose. 

��������������� =  
������� ����� ∙ 0.9

��������� �������
 (3)

2.7. HPLC Analysis 

To determine the sugar concentration in the hydrolysate, the samples were first centrifuged at 

16,100 rcf for 15 minutes using a centrifuge (5415 D, Eppendorf AG, Hamburg, Germany). The 
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resulting supernatant was then diluted to fall within the calibration range and subsequently filtered 

through a 0.22 µm polyethersulfone membrane filter (Wicom, Heppenheim, Germany). High-

performance liquid chromatography (HPLC) was used for analysis. The system (1100 Series, Agilent 

Technologies, Santa Clara, CA, USA) was equipped with a Repromer H column (300 × 8 mm, Dr. 

Maisch, Ammerbuch, Germany) maintained at 30 °C, and a refractive index detector (1260 Infinity II, 

Agilent Technologies, Santa Clara, CA, USA) set to 35 °C. The mobile phase consisted of 5 mM 

sulfuric acid, delivered at a flow rate of 0.6 mL/min [32]. 

2.8. Press and Liquid Removal 

To reduce the liquid content in the samples, press and liquid removal were performed after the 

pretreatment, Organosolv extraction, and washing steps. During the pretreatment and Organosolv 

extraction stages, hydraulic press and liquid removal were applied. The samples were placed in a 

hydraulic press and subjected to a pressure of 3 bar for two minutes. Following this, the samples were 

removed for further processing. After the washing step, press and liquid removal were carried out 

using a vacuum filtration system to eliminate residual water. All samples were then reanalyzed for 

moisture content to ensure accurate data for subsequent processing. 

2.9. Measurement of Dry Ma�er Content 

The dry ma�er content (DM%) of the samples was determined using a moisture analyzer (DBS 

60-3, KERN, Balingen-Frommern, Germany) with a precision of 0.001 g. Approximately 0.5 to 1 g of 

each sample was evenly spread on the weighing pan. Drying was performed via infrared heating at 

105 °C until the mass change was less than 0.03% over a 30-second interval. To reduce individual 

measurement error, each sample was analyzed in triplicate, and the average value was reported. 

2.10. DoE and Simulation Model 

In this study, a Design of Experiments (DoE) approach based on a D-optimal design was first 

applied to plan the experimental matrix. The software Visual-XSel (CRGRAPH, Starnberg, Germany, 

version 17.5) was used for experimental design, simulation, and subsequent model fi�ing based on 

the obtained data. Experimental datasets obtained from straw samples subjected to Hot-Water 

Pretreatment (HWP) and Water Pretreatment (WP) were used as model input. These samples 

underwent Organosolv extraction at temperatures ranging from 135 to 170 °C and P-Factors between 

3.0 and 4.0. After extraction, the samples were washed and subsequently subjected to both total 

hydrolysis and enzymatic hydrolysis. Based on these results, the hydrolysability of each sample was 

calculated. In total, 47 experimental datasets were used to construct and validate the simulation 

model. 

3. Results and Discussion 

3.1. Parameter Optimization for Organosolv Extraction 

3.1.1. Evaluation of the Effect of Different Pretreatment Catalysts on Enzymatic Hydrolysis 

As part of the preliminary experiments, this study investigated the influence of different acidic 

catalysts used during Organosolv extraction on the subsequent enzymatic hydrolysis performance of 

straw. Three weak acids: phosphoric acid, lactic acid, and acetic acid were selected as catalysts, along 

with the inorganic strong acid sulfuric acid and the organic strong acid p-toluenesulfonic acid (PTSA). 

In addition, a catalyst-free Organosolv extraction was performed as a control. The severity of 

Organosolv extraction under different catalytic conditions was evaluated using the P-Factor. 

The experimental results (Table 2) showed that, within the weak-acid group, lactic acid at a 

loading of 50% relative to the dry mass of the sample resulted in the best performance. Compared 

with acetic acid at the same concentration, lactic acid resulted in markedly higher enzymatic 
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hydrolysis performance, achieving a glucose yield of approximately 78%. In contrast, experiments 

using phosphoric acid were limited to a catalyst loading of 20%, and both phosphoric acid and acetic 

acid yielded similar results, with glucose yields of approximately 20%. Notably, corrosion of 316L 

stainless-steel elements is likely with phosphoric acid, which prevented further testing at higher 

catalyst concentrations. Moreover, none of the weak-acid catalysts showed a significant advantage 

over the catalyst-free control. In contrast, the strong-acid catalysts sulfuric acid and p-toluenesulfonic 

acid (PTSA) exhibited clear superiority, achieving enzymatic hydrolysis efficiencies of approximately 

80% in both cases. These values were markedly higher than those obtained with weak-acid systems, 

corresponding to an average increase in glucose yield of approximately 207% relative to the weak-

acid group and 273% relative to the catalyst-free control. 

Table 2. Organosolv Extraction with Different Acid Catalysts: pKₐ Values and Enzymatic Hydrolysis Results. 

Error indicate standard deviations of the mean (n = 2). 

Catalyst type pKa  CCatalyst [%-DM] P-Factor Glucose yield 

Phosphoric acid 2.15 [33] 20 3.4 20 ± 6.7% 

Lactic acid 3.86 [33] 50 3.4 41 ± 1.1% 

Acetic acid 4.76 [33] 50 3.4 23 ± 3.7% 

Sulfuric acid -3.0 [33] 5 3.9 83 ± 2.4% 

PTSA -2.8 [34] 5 3.9 81 ± 6.2% 

Without catalyst - - 3.9 22 ± 1.5% 

The inferior performance of weak-acid systems can be a�ributed to insufficient catalytic 

efficiency during Organosolv extraction, specifically to an inadequate concentration of effective 

protons (H+) available to promote lignin depolymerization. Although higher loadings of weak acids 

were deliberately applied to compensate for their higher pKa values and would theoretically yield 

higher proton concentrations under ideal aqueous conditions, the use of a 60 wt% ethanol–water 

solvent system strongly suppressed their dissociation. Under such high organic solvent fractions, 

weak acids exhibit markedly reduced dissociation and proton activity, meaning that increased 

catalyst loading does not translate into comparable catalytic strength. In contrast, strong acids such 

as H2SO4 and PTSA maintain substantially higher effective acidity under these conditions and 

promote the cleavage of lignin ether bonds (e.g., β-O-4 linkages), resulting in significantly enhanced 

delignification and extraction performance [35,36]. Similar observations have been reported by 

Jasiukaitytė-Grojzdek et al. [36] and Kalogiannis et al. [37]. Insufficient Organosolv extraction directly 

limits enzymatic hydrolysis efficiency, explaining the lower glucose yields observed for weak-acid 

systems. This interpretation is further supported by post-extraction observations, as samples treated 

with weak acids exhibited significantly larger particle sizes than those treated with strong acids. 

Finally, catalyst-free control experiments confirmed that relying solely on water autoionization at 

elevated temperatures and autocatalytic lignin degradation during Organosolv extraction is highly 

inefficient, resulting in substantially lower enzymatic hydrolysis performance compared with 

systems employing strong-acid catalysts under otherwise identical extraction conditions. Evaluation 

of the Effect of Different Liquor Ratios on Enzymatic Hydrolysis. 

Within the strong-acid group, experiments using sulfuric acid and PTSA resulted in very similar 

enzymatic hydrolysis performances after Organosolv extraction, with no discernible difference 

between the two catalysts. However, from an economic perspective, PTSA is considerably more 

expensive than sulfuric acid while offering no apparent performance advantage [37,38]. Therefore, 

considering cost efficiency and process scalability, sulfuric acid was selected as the acid catalyst for 

all subsequent experiments. 

3.1.2. Evaluation of the Effect of Liquor Ratios on Enzymatic Hydrolysis 

In Organosolv extraction, the liquor ratio (defined as the mass ratio of solid sample to solvent) 

is a key parameter influencing extraction performance. Therefore, as part of the preliminary 
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investigations, experiments were conducted to identify a technically feasible and economically 

reasonable liquor ratio for subsequent experiments. Liquor ratios ranging from 1:1 to 1:24 were 

evaluated, and selected feasible ratios were applied in Organosolv extraction followed by enzymatic 

hydrolysis to assess their suitability and identify the most appropriate ratio. 

At the outset of this study, the potential risk of insufficient lignin solubilisation at low liquor 

ratios was considered. Lignin solubility tests were therefore conducted to demonstrate that, in a 60 

wt% ethanol–water solution, the solubility of Organosolv lignin reached a maximum value of 

approximately 0.39 g of lignin per g of solvent. This result aligns well with values reported by 

Goldmann et al. [39] and Santos-Rigual et al. [40]. Based on the average lignin content of wheat straw 

[41,42], the maximum liquor ratio required to prevent precipitation was calculated to be around 1.8:1. 

This is significantly lower than the liquor ratios used in the actual Organosolv extraction experiments. 

Therefore, under the investigated conditions, lignin solubility was not considered a limiting factor. 

The experimental results (Figure 3 A) indicated that, due to the characteristics of the straw used 

in this study namely its relatively rough surface morphology and low bulk density combined with 

the prior comminution step that further increased the specific surface area, low liquor ratios resulted 

in insufficient solvent availability during Organosolv extraction. At liquor ratios of 1:1 and 1:4, the 

added solvent was completely absorbed by the sample, leaving most of the sample essentially dry. 

When the liquor ratio was increased to the range of 1:10 - 1:12, the samples gradually approached 

solvent saturation, and residual liquid began to appear at the bo�om of the reactor. However, at 

liquor ratios below 1:15, the sample was still not sufficiently covered by the reaction medium, leaving 

a considerable fraction of the sample without effective contact with the organic solvent and catalyst. 

Complete and uniform coverage of the sample was achieved only at a liquor ratio of 1:15. At 

excessively high liquor ratios, such as 1:24, a substantial excess of solvent remained unused. It should 

be noted that, in this study, catalyst loading during Organosolv extraction was calculated based on 

the dry mass of the sample. Consequently, excessively high liquor ratios are not economically 

favorable due to increased solvent consumption and, more importantly, because the larger solvent 

volume dilutes the effective proton concentration in the organic phase. As discussed previously, such 

dilution can negatively affect extraction performance and subsequently reduce enzymatic hydrolysis 

efficiency. Therefore, liquor ratios of 1:12, 1:15, and 1:19 were selected for further Organosolv 

extraction experiments, followed by enzymatic hydrolysis. The resulting glucose yields were 

subsequently calculated and used to evaluate the suitability of these liquor ratios. 

 

Figure 3. (A) Straw samples at different liquor ratios; (B) enzymatic hydrolysis results of samples after 

Organosolv extraction conducted at different liquor ratios. Error bars indicate standard deviations of the mean 

(n = 3). 

The enzymatic hydrolysis results (Figure 3 B) showed that liquor ratios of 1:12 and 1:15 resulted 

in similar performances, with glucose yields of 67 ± 1.4% and 68 ± 1.7%, respectively. These values 

were, on average, approximately 26% lower than the highest glucose yield of 85 ± 1.4% obtained at a 

liquor ratio of 1:19. During the experiments, it was observed that, upon heating, samples processed 

at liquor ratios of 1:12 and 1:15 exhibited increasing stirring resistance and, in some cases, partial 
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blockage of the agitator, with this effect being particularly pronounced at a ratio of 1:12. This behavior 

is likely a�ributable to partial solvent evaporation during heating, which reduced the liquid-phase 

volume inside the reactor and consequently increased the viscosity and resistance of the remaining 

slurry. As a result, effective mixing could not be maintained, leading to incomplete Organosolv 

extraction and, consequently, reduced enzymatic hydrolysis efficiency. In contrast, samples treated 

at a liquor ratio of 1:19 exhibited more homogeneous mixing and noticeably smaller, more uniform 

particle sizes after extraction, indicating a more complete and effective extraction process. These 

observations suggest that, although reducing the liquor ratio can theoretically increase proton 

concentration during extraction, insufficient solvent coverage and mixing limitations particularly 

under conditions where solvent evaporation occurs—can negatively affect extraction performance 

and downstream hydrolysis. Therefore, considering both extraction efficiency and process robustness, 

a liquor ratio of 1:19 was identified as the optimal condition and selected for all subsequent 

experiments. 

3.1.3. Evaluation of Pretreatment Impact on Organosolv Efficiency and Enzymatic Hydrolysis 

One of the main objectives of this study was to investigate the introduction of a pretreatment 

step prior to Organosolv extraction within the straw biomass processing workflow, aiming to reduce 

energy demand, improve Organosolv extraction efficiency, and enhance subsequent enzymatic 

hydrolysis performance. To this end, preliminary experiments were conducted to evaluate the 

feasibility and effectiveness of the developed pretreatment approaches. Untreated straw, along with 

straw subjected to Hot-Water Pretreatment (HWP) and Water Pretreatment (WP) following the 

procedures described in Section 3, was processed by Organosolv extraction under standardized 

conditions (170 °C, P-Factor 3.6), as detailed in Section 2.5. The resulting samples were subsequently 

washed and enzymatically hydrolyzed, with total hydrolysis additionally employed to enable a more 

accurate assessment of the impact of pretreatment on overall process efficiency. 

Experimental results indicated (Figure 4) that samples treated with HWP and WP exhibited 

statistically significant differences in both cellulose content and hydrolysability relative to the 

untreated control group (p < 0.05). In the control group (untreated straw), the cellulose content was 

the lowest at 65 ± 4%, and during enzymatic hydrolysis, only about half of the cellulose was converted, 

resulting in a hydrolysability of 58 ± 3%. In contrast, both pretreatment groups showed clear 

improvements in hydrolysis performance. The sample pretreated with HWP reached a 

hydrolysability of 79 ± 2%, corresponding to a 37% increase relative to the control. The sample 

pretreated with WP achieved the highest hydrolysability at 86 ± 5%, corresponding to a 50% 

improvement over the untreated control. Collectively, these results indicate that incorporating a 

pretreatment step prior to Organosolv extraction significantly enhances the enzymatic hydrolysis 

efficiency of straw. 

 

Figure 4. Effect of Pretreatment on Cellulose Content and Hydrolysability of Straw Samples. Hot-Water 

Pretreatment (HWP) and Water Pretreatment (WP). Error bars indicate standard deviations of the mean (n = 3). 

Interestingly, although the HWP-treated samples generally exhibited higher (about 5,9%) 

cellulose content than the WP-treated ones, their hydrolysability was consistently lower. This trend 
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was observed across all experiments, suggesting a consistent and reproducible phenomenon. A 

detailed discussion of this observation is provided alongside the results in the following sections. 

3.2. Evaluation of Organosolv Severity (Temperature and P-Factor) on Enzymatic Hydrolysis of  
Pretreated Straw 

The preliminary experiments described above clearly demonstrated that applying a simple 

pretreatment step prior to Organosolv extraction is an effective strategy for significantly enhancing 

the final enzymatic hydrolysis efficiency of straw. Consequently, one of the main objectives of this 

study was to identify the optimal Organosolv extraction severity using a Design of Experiments (DoE) 

approach, aiming to maximize enzymatic hydrolysis efficiency and glucose yield. To this end, HWP- 

and WP-pretreated samples were subjected to Organosolv extraction at 135 °C, 150 °C, and 170 °C, 

covering a P-Factor range from 3.0 to 4.0. After extraction, all samples were washed and 

enzymatically hydrolyzed to evaluate their hydrolysis performance. 

 

Figure 5. Experimental enzymatic hydrolysability of HWP- and WP-pretreated straw as a function of P-Factor 

at fixed Organosolv extraction temperatures (135, 150, and 170 °C). Error bars indicate standard deviations of 

the mean (n = 3). 

Experimental results revealed a clear and consistent trend: increasing the Organosolv extraction 

temperature enhanced enzymatic hydrolysis efficiency for both HWP- and WP-pretreated straw. For 

both pretreatment routes, raising the extraction temperature from 135 °C to 170 °C resulted in a 

pronounced improvement in hydrolysability (p < 0.05), confirming that both the applied pretreatment 

strategy and the severity of the subsequent Organosolv extraction significantly influence enzymatic 

hydrolysis performance [30,43]. 

Under identical reaction conditions, WP-pretreated samples consistently exhibited higher 

hydrolysis efficiencies than HWP-pretreated samples and clearly outperformed untreated straw. A 

minor deviation from this trend was observed at 150 °C (P-Factor 3.0), where the hydrolysability of 

WP-pretreated samples (73 ± 3%) was slightly lower than that of HWP-pretreated samples (75 ± 2%). 

However, this difference falls within experimental uncertainty and does not affect the overall 

conclusion that WP pretreatment yields superior hydrolysis performance. For HWP-pretreated 

samples, the lowest hydrolysability was observed at 135 °C (P-Factor 3.0), reaching 61 ± 6%. With 

increasing Organosolv severity, hydrolysability increased to 85 ± 1% at 150 °C (P-Factor 3.6) and 

remained high at 84 ± 2% at 170 °C (P-Factor 3.3), corresponding to an overall improvement of 24.6%. 

In comparison, WP-pretreated samples showed a higher initial hydrolysability of 74 ± 3% at 135 °C 

(P-Factor 3.0), which further increased to 96 ± 2% at 150 °C (P-Factor 3.6) and remained at a 

comparable level of 96 ± 3% at 170 °C (P-Factor 4.0), representing a total improvement of 28.3%. 

Similar temperature-dependent enhancements in hydrolysis efficiency during Organosolv 

processing have been reported by Sun et al. [44,45], who a�ributed this behavior primarily to 

increased lignin solubilization at elevated temperatures. As the extraction temperature increases, the 

lignin matrix encapsulating cellulose fibers is progressively disrupted and removed, leading to 

enhanced cellulose exposure and an enlarged effective surface area available for enzymatic 

hydrolysis. Consequently, a higher number of accessible binding sites for cellulolytic enzymes can be 

generated, thereby improving overall hydrolysis efficiency. This interpretation is consistent with the 
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general understanding of Organosolv extraction mechanisms, whereby higher temperatures promote 

lignin dissolution and structural opening of the biomass matrix [46]. In line with this, Li and Jiang 

discussed that elevated extraction temperatures facilitate the cleavage of lignin–carbohydrate 

complexes, further enhancing the enzymatic accessibility of the residual cellulose fraction [47]. 

The consistently superior performance of WP-pretreated samples indicates that pretreatment 

plays a critical role in generating a more favorable structural configuration for subsequent 

delignification and enzymatic hydrolysis. A plausible explanation is that pretreatment promotes the 

removal of soluble components from the straw matrix, including water-soluble carbohydrates, 

inorganic salts, and low-molecular-weight extractives [48]. In the case of HWP pretreatment, elevated 

temperatures may induce partial solubilization of hemicellulosic fractions [49], whereas during the 

extended WP pretreatment period, certain organic constituents may be gradually degraded or 

removed through microbial activity. The elimination of these components likely contributes to a 

partial opening of the lignocellulosic structure, thereby facilitating mass transfer and improving 

interactions between the biomass and the organic solvent–catalyst system during subsequent 

Organosolv extraction [30]. Consistent with this interpretation, a mass loss of approximately 10% was 

observed after both HWP and WP pretreatment, which can reasonably be a�ributed to the removal 

of such soluble or degradable fractions. In addition, pretreatment may allow water to penetrate and 

occupy air-filled voids within the straw structure, creating liquid-filled pathways that further 

enhance solvent–biomass contact. Nevertheless, these interpretations are based on indirect 

observations, and further targeted studies are required to clarify the relative contributions of 

compositional changes, structural modifications, and pore-filling effects. Despite these improvements, 

increasing Organosolv severity did not result in unlimited gains in enzymatic hydrolysis. For both 

pretreatment routes, the improvement observed between 135 °C and 150 °C was markedly more 

pronounced than that between 150 °C and 170 °C. In particular, WP-pretreated samples achieved 

near-complete hydrolysis already at 150 °C, with no substantial further increase at higher 

temperatures. Similar plateau effects at high severities have been described by Liu et al., who 

associated excessive thermal input with carbohydrate degradation and the formation of enzyme-

inhibitory byproducts [50]. 

From an experimental perspective, these findings demonstrate that high enzymatic hydrolysis 

efficiencies can be achieved through a combination of simple water pretreatment and moderately 

severe Organosolv conditions. At the same time, the observed dependence of hydrolysis performance 

on both temperature and P-Factor highlights the importance of systematically evaluating Organosolv 

severity in order to balance enzymatic performance against unnecessary process intensity. 

3.3. Model-Based Optimization of Organosolv Extraction Severity 

While the preceding section identified clear experimental trends in enzymatic hydrolysis 

performance as a function of pretreatment strategy and Organosolv extraction severity, these trends 

also suggest a non-linear dependence on process parameters. In particular, the combined effects of 

extraction temperature and P-Factor cannot be adequately assessed through individual parameter 

comparisons alone. Therefore, the experimental data obtained in this study were used to develop a 

model-based approach for the systematic evaluation and optimization of Organosolv extraction 

severity. By applying a Design of Experiments (DoE) methodology, this chapter aims to 

quantitatively describe the relationship between process conditions and hydrolysis efficiency and to 

identify optimal reaction conditions. 

Based on the experimental dataset, a full-range simulation covering extraction temperatures 

from 135 to 170 °C and P-Factors between 3.0 and 4.0 was performed to systematically evaluate 

hydrolysability. The resulting modeled response surfaces reveal the combined influence of 

Organosolv extraction temperature and P-Factor on enzymatic hydrolysis efficiency for HWP- and 

WP-pretreated straw (Figure 6). For both pretreatment routes, hydrolysis efficiency increased with 

increasing extraction severity; however, pronounced differences in the overall shape of the response 

surfaces were observed between HWP and WP samples. For HWP-pretreated straw (Figure 6A), the 
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response surface indicates a gradual and continuous increase in hydrolysability with both 

temperature and P-Factor, suggesting a relatively high sensitivity to changes in extraction severity 

across the investigated parameter space. In contrast, WP-pretreated samples (Figure 6B), exhibit a 

steeper increase in hydrolysability at lower severities, followed by the formation of a plateau region 

at higher temperatures and P-Factors. This behavior implies that near-complete enzymatic hydrolysis 

can be achieved for WP-pretreated straw within a broader operational window. 

 

Figure 6. Response surface of enzymatic hydrolysability as a function of Organosolv extraction temperature and 

P-Factor for (A) HWP- and (B) WP-pretreated straw. 

Notably, the model predicts that, over the entire simulated domain, the maximum 

hydrolysability of HWP-pretreated samples remains limited to approximately 88%, whereas WP-

pretreated samples are predicted to reach complete hydrolysis under a wide range of conditions, 

particularly within the temperature interval of approximately 152–170 °C. This distinction further 

highlights the superior robustness of WP pretreatment with respect to variations in Organosolv 

extraction severity. 

To further elucidate the interaction between P-Factor, extraction temperature, and 

hydrolysability, the modeled response surfaces were projected into two-dimensional plots at fixed 

extraction temperatures. For HWP-pretreated samples (Figure 7A), hydrolysability increased 

markedly with increasing temperature at a constant P-Factor of 3.0, indicating a strong temperature 

dependence under mild severity conditions. The highest hydrolysability predicted by the model for 

HWP-pretreated straw was reached at 170 °C with values approaching approximately 88%. At 135 °C, 

a pronounced dependence on P-Factor was observed, with hydrolysability increasing steadily from 

about 63% at a P-Factor of 3.0 to approximately 85% at a P-Factor of 4.0. At 150 °C, the positive effect 

of increasing P-Factor remained evident but with a reduced slope, suggesting diminishing marginal 

gains from further severity enhancement at elevated temperature. In contrast, at 170 °C, 

hydrolysability exhibited only a weak dependence on P-Factor and even showed a slight decreasing 

trend, indicating that further increases in extraction severity do not translate into additional 

improvements in enzymatic hydrolysis performance under these conditions. 

 

Figure 7. Two-dimensional projections of the response surface showing the dependence of enzymatic 

hydrolysability on P-Factor at fixed extraction temperatures for (A) HWP- and (B) WP-pretreated straw. 
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For WP-pretreated samples (Figure 7B), a distinctly different response pa�ern was observed. At 

135 °C, hydrolysability increased strongly and almost linearly with P-Factor, approaching near-

complete hydrolysis at a P-Factor of approximately 3.67. At 150 °C, hydrolysability rose rapidly with 

increasing P-Factor and reached values close to 100% at a P-Factor of around 3.90, beyond which a 

clear plateau was observed, indicating that high hydrolysis efficiencies can be achieved across a broad 

P-Factor range. At 170 °C, hydrolysability remained consistently high while exhibiting only a weak 

dependence on P-Factor. Notably, a plateau behavior similar to that observed for HWP-pretreated 

samples at 170 °C was evident, suggesting that at high extraction temperatures the influence of P-

Factor becomes increasingly limited regardless of pretreatment strategy. 

At elevated temperatures, further increases in extraction severity do not result in a continued 

increase in hydrolysability and may even lead to a slight decline, which can be a�ributed to several 

concurrent effects. At high temperatures, the formation of degradation products such as furfural and 

hydroxymethylfurfural may inhibit enzymatic activity, thereby offse�ing the benefits of enhanced 

delignification [51]. In addition, severe thermal conditions can promote lignin recondensation or 

redistribution onto the fiber surface, which may hinder enzyme accessibility [52,53]. Moreover, visual 

inspection of samples treated at 170 °C revealed a pronounced reduction in particle size, with the 

material exhibiting a mud-like appearance. Excessive comminution may negatively affect enzymatic 

hydrolysis by reducing effective mass transfer, increasing slurry viscosity, or promoting non-

productive enzyme adsorption [45,54,55]. While these effects provide plausible explanations for the 

observed plateau or slight decline in hydrolysability at high severity, further targeted analyses will 

be required to quantitatively assess their individual contributions. 

3.4. Trade-Off Between Extraction Temperature, P-Factor, and Residence Time 

To further assess the practical implications of achieving complete enzymatic hydrolysis, the 

relationship between P-Factor, extraction temperature, and residence time was examined under 

conditions corresponding to near-complete hydrolysis. As the P-Factor intrinsically represents a 

combined effect of temperature and time, different parameter combinations can result in comparable 

reaction severities while leading to substantially different process durations and operating conditions. 

As illustrated in Figure 8, increasing the extraction temperature enables the target P-Factor to be 

reached within progressively shorter residence times. For instance, achieving a P-Factor of 

approximately 3.67 required about 7.3 h at 135 °C, whereas a comparable severity could be a�ained 

in only about 4.3 h at approximately 154 °C. From a process efficiency perspective, increasing 

temperature therefore offers a clear advantage in reducing extraction time and increasing throughput. 

However, elevating the extraction temperature is not without drawbacks. Higher operating 

temperatures are inevitably accompanied by increased system pressure, which imposes additional 

requirements on reactor design, material selection, and operational safety. These constraints may 

offset the benefits associated with reduced residence time, particularly when scaling the process to 

larger reactor volumes. Moreover, as demonstrated by the experimental and modeling results 

presented in the preceding sections, increasing Organosolv severity beyond a certain threshold does 

not necessarily enhance enzymatic hydrolysis performance and may even lead to diminishing returns. 
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Figure 8. Trade-off between P-Factor and residence time required to achieve near-complete enzymatic 

hydrolysis as a function of extraction temperature. 

In this context, the results of the present study indicate that complete or near-complete 

hydrolysis can be achieved across a range of temperature–time combinations, thereby providing 

flexibility in process design. Moderate temperatures combined with longer residence times may 

represent a more robust and technically feasible operating window, whereas higher temperatures 

can be advantageous when reactor capacity or throughput is limiting. Ultimately, the optimal balance 

between temperature, P-Factor, and residence time should be determined not only by hydrolysis 

efficiency, but also by reactor design constraints, energy input, and overall process economics. 

5. Conclusions 

This study systematically investigated Organosolv extraction of German wheat straw with the 

aim of achieving near-complete enzymatic hydrolysis while reducing process severity and energy 

demand. The P-Factor concept was applied to quantitatively evaluate extraction severity by 

integrating the combined effects of temperature and residence time. 

In preliminary experiments, different acid catalysts and liquor ratios were systematically 

assessed with respect to delignification efficiency and subsequent enzymatic hydrolysis. Stronger 

acids with lower pKa values showed clear advantages over weaker acids, enabling substantial 

improvements in hydrolysability at lower catalyst dosages. In contrast, weak acids were less effective, 

particularly in solvent-rich systems were limited proton dissociation restricted lignin 

depolymerization. The liquor ratio was identified as a critical parameter: insufficient solvent limited 

effective biomass–solvent contact, whereas excessive solvent content reduced proton availability and 

resulted in inefficient solvent utilization. Based on these findings, two simple and efficient 

pretreatment strategies prior to Organosolv extraction were developed. Both hot-water pretreatment 

(HWP) and water pretreatment (WP) significantly enhanced enzymatic hydrolysis compared to 

untreated straw. Under identical Organosolv conditions, WP-pretreated samples consistently 

outperformed HWP-pretreated samples, achieving cellulose hydrolysabilities of up to 96 ± 3%, while 

HWP-pretreated samples reached maximum values of approximately 85–88%. These results 

highlight the importance of pretreatment in promoting structural opening and improving solvent–

biomass interactions during Organosolv extraction. 

The effects of extraction temperature and severity were further evaluated using a Design of 

Experiments approach combined with response surface modeling. Increasing the extraction 

temperature from 135 °C to 150 °C led to pronounced improvements in hydrolysability for both 

pretreatment routes, enabling complete or near-complete hydrolysis. However, further increases to 

170 °C provided limited additional benefit and occasionally resulted in a slight decline in hydrolysis 

efficiency. Model-based analysis revealed clear plateau regions at high temperature–P-Factor 

combinations, indicating diminishing returns under overly severe conditions. 

Overall, the combined experimental and modeling results demonstrate that near-complete 

enzymatic hydrolysis can be achieved within defined temperature–time windows. While higher 

temperatures shorten residence time, they impose increased pressure and reactor design constraints. 

Consequently, moderate temperatures combined with optimized P-Factor values represent a robust 

and scalable operating window for energy-efficient valorization of wheat straw in lignocellulosic 

biorefineries. 
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